We have combined silicon micromachining technology with planar circuits to fabricate room-temperature niobium microbolometers for millimeter-wave detection. In this type of detector, a thin niobium film, with a dimension much smaller than the wavelength and fabricated on a 1 m thick Si 3 N 4 membrane, acts both as a radiation absorber and temperature sensor. Incident radiation is coupled into the microbolometer by a 0.37 dipole antenna of center frequency 95 GHz with a 3 dB bandwidth of 15%, which is impedance matched with the Nb film. An electrical noise equivalent power ͑NEP͒ of 4.5ϫ10 Ϫ10 W/ͱHz has been achieved. This is comparable to the best commercial room-temperature millimeter-wave detectors.
Recently, silicon micromachining technology has been used to fabricate horn antennas for millimeter and submillimeter wave detectors. [1] [2] [3] In this letter, we report fabrication and characterization of a micromachined millimeterwave antenna-coupled uncooled microbolometer using a Nb film as the radiation absorber and temperature sensing element. Bismuth has been the material of choice for metallicfilm microbolometers because it has a low electrical conductivity, and therefore, Bi microbolometers can be easily impedance matched with planar antennas. The best reported noise equivalent power ͑NEP͒ is approximately 4.0ϫ10
Ϫ11
W/ͱHz ͑at a modulation frequency of 50 kHz͒ for air-bridge Bi microbolometers. 4 However, Bi and other semimetal films are known to have a high level of 1/f noise. 5 This is the reason why the good NEP figure of the Bi microbolometers can be achieved only at an inconvenient 50 kHz modulation frequency. It has been shown recently that 1/f noise of niobium films is much lower than that of bismuth films. 6 Moreover, 15-30 nm thick Nb films provide desired impedance matching with planar antennas. Micromachining technology can be combined with the low 1/f noise properties of Nb films to fabricate sensitive room-temperature microbolometers. The thin membrane that mechanically supports the microbolometer and the planar antenna could provide a good thermal isolation between the bolometer and its surroundings. 7 Thus, micromachined structures are ideal for bolometric detectors.
For an antenna-coupled microbolometer on a thin Si 3 N 4 membrane ͑see Fig. 1͒ with its dimensions and geometry optimized so that most of the thermal conduction is through the antenna leads, the lower limit of NEP is set by the phonon noise, or noise due to temperature fluctuations. It is given by ͱ4kG a T, 4 where kϭ1.38ϫ10 Ϫ23 J/K is the Boltzmann constant, Tϭ300 K is the operating temperature, and G a is the thermal conductance of the antenna leads. For typical metallic antenna leads with a resistance of Ӎ3⍀, we obtain a thermal conductance of 2.44ϫ10 Ϫ6 W/K from Wiedemann-Franz law. 8 The corresponding lower limit of NEP is 3.5ϫ10 Ϫ12 W/ͱHz, which is two orders of magnitude lower than that of commercial pyroelectric detectors. 9 In addition to the high sensitivity, there are other advantages in using Si micromachining to fabricate mm-wave detectors and imaging arrays. It is relatively easy and inexpensive to fabricate fine ͑Ͻ1 mm͒ three-dimensional structures by using photolithography and anisotropic etching. Focal-plane arrays with low noise on-chip amplifiers, readout and signal processing circuits can be fabricated easily on a single wafer to form monolithic integrated systems.
A bolometer is a thermal radiation detector which consists of a radiation absorber and a temperature sensor with a heat capacity C. It is connected to a heat sink at temperature T 0 via thermal conductance G t . When an incident radiation with power ⌬ P is applied, it induces a change in temperature in the bolometer from T 0 to T 0 ϩ⌬T. For a bolometer biased at a dc voltage V b , the change in voltage ⌬V across the bolometer due to the incident radiation is ␣V b ⌬T, where ␣ϭ(1/R•dR/dT) is the temperature coefficient of resistivity. The voltage responsivity S is the ratio of ⌬V and ⌬ P, and it is given by 10 
S͑ f
and G a ( f ) are the thermal conductance through the membrane and the antenna leads, respectively. To evaluate G m , we model the rectangular microbolometer on top of the membrane of thickness t as a disk of radius r 1 such that 2r 1 is equal to the circumference of the the 2ϫ3.2 m 2 microbolometer, and the heat flow is in the radial direction. The zero frequency thermal conductance of the membrane is found from the 2D Laplace's equation, and is given by
where m ϭ0.2 W/cm K is the thermal conductivity of the Si 3 N 4 membrane at 300 K, 11 and r 2 is half of the width of the Ϫ5 W/K. The temperature change at a finite modulation frequency follows from the expression of a 2D point source located at the center of the membrane 12 :
where ϭ m /H m , H m is the specific heat of Si 3 N 4 , and K 0 (x) is the modified Bessel function. 13 With rӍr 1 , ⌬T is proportional to ln(1/f ) up to 0.3 MHz, and therefore shows a much slower roll-off with frequency than the f Ϫ1 behavior of conventional ''macro'' bolometers.
We define the thermal decay length r th as the distance over which the temperature increase in the membrane drops to 10% of the temperature increase ⌬T in the bolometer, and it is given by, r th Ӎ0.6(/2 f ) 1/2 . The transition from steady state ͓Eq. ͑2͔͒ to a frequency dependent conductance ͓Eq. ͑3͔͒ will then occur at a frequency where r th Ӎr 2 . As the modulation frequency increases beyond this point, the effective thermal length is smaller than r 2 , resulting in a higher value of the thermal conductance than that shown in Eq. ͑2͒. Calculation for the current geometry of the microbolometer indicates that this frequency is approximately 2 Hz.
The thermal conductance of the two antenna leads is given by G a ϭ2 g wt a /l, where g ϭ3.17 W/cm K for gold at 300 K
14
; wϭ20 m, t a ϭ200 nm, and lϭ800 m are the width, thickness, and length of the antenna leads, respectively. Using these values, we get G a ϭ3.22ϫ10 Ϫ6 W/K. In our current design, G a is an order of magnitude smaller than G m , so G t ϭG m ϩG a ӍG m .
The electrical responsivity S E of the device can be evaluated from the IϪV curve using Jones' expression, 15, 16 
where ZϭdV/dI and R is the resistance of the bolometer.
The optical responsivity is given by S 0 ϭS E , where is the coupling efficiency of the antenna which was estimated to be over 90% for our antenna structure. 17 Summing up the contribution of all the noise sources in quadrature, we obtain the electrical noise equivalent power 15 NEPϭ ͫ 4kT
where the first term is the phonon noise, the second term is due to Johnson noise, and the third and fourth terms are the amplifier's noise and 1/f noise. In Eq. ͑5͒, e n and i n are the noise voltage and noise current of the amplifier, and e 1/f is the 1/f noise voltage of the Nb film. The schematic of the micromachined microbolometer is shown in Fig. 1 . A detailed description of the micromachined horn structure can be found in ͑Refs. 1 and 2͒. To improve the beam coupling, a TPX ͑methylpentene polymer͒ aspherical lens with f ϭ28 mm is placed in front of the electroformed horn. Bolometers with film thickness 10, 15 and 20 nm have been fabricated to provide a good impedance matching with the 35 ⍀ dipole antenna.
Fabrication of the microbolometer is a two-step process. First, Nb films are deposited by dc magnetron sputtering on a Si wafer covered with a 1 m thick Si 3 N 4 membrane. The Nb strip is then patterned by RF plasma etching. Next, the gold antenna and contact leads are defined by electron beam evaporation of a 10 nm titanium and a 200 nm gold film, followed by a lift-off process. Before the deposition of the Au/Ti film, the wafer is sputter-cleaned to remove niobium oxides on top of the Nb film. In the second phase of the fabrication process, infrared alignment was used on the other side of the wafer to pattern the aperture window in Si 3 N 4 . Anisotropic KOH etching ͑or micromachining͒ is then used to form the pyramidal horn structure. Finally, four to five anisotropically etched Si wafers were stacked to form a complete pyramidal cavity ͓see Fig. 1͑d͔͒. For 10, 15 , 20 nm thick films, the measured film resistance are 46,28 and 16Ϯ2⍀/ᮀ.
When we first characterized the electrical properties of the device, we found that the bolometer showed a semiconductor type of behavior with a negative ␣ of Ϫ0.01 K Ϫ1 at 300 K. This value of ␣ is much greater than that of a metallic film and thus favorable for obtaining a high responsivity. However, the 1/f noise level of the microbolometer is more than an order of magnitude higher than the 1/f noise level of a metallic Nb microbolometer reported in ͑Ref. 6͒. It is known that annealing can substantially reduce the 1/f noise level of thin films. [18] [19] [20] We have annealed our microbolometer at 300°C for 5 min and after annealing, it showed a metallic behavior with ␣ϭ0.001 K Ϫ1 at 300 K. The resistance of the bolometer is also reduced by 20%-25%. The 1/f noise level is indeed reduced to below the amplifier noise level above 3 kHz at a bias current up to 4 mA. We believe the reduction in the 1/f noise level is probably due to the removal of defects from the Nb film and improvement in electrical contact between the gold antenna and the Nb film.
We have deduced the dc voltage responsivity of the device from the measured I -V curve by using Eq. ͑4͒. Ϫ5 W/K. The frequency response of the microbolometer ͑shown in Fig. 2͒ is measured with an amplitude modulated Gunn oscillator tuned at 95 GHz. The radiation power at different modulation frequencies is kept constant by using an independent pyroelectric detector to monitor the average power level. The measured frequency response of the device is in good agreement with the theory, as shown in Fig. 2 , and it has an approximate ln(1/f ) dependence.
To evaluate the electrical NEP we have measured the noise voltage of the device with a low noise bipolar junction transistor ͑BJT͒ preamplifier ͑with noise voltage e n ϭ1.1 nV/ͱHz and noise current i n ϭ2.8 pA/ͱHz͒. 21 Electrical NEP of the device both before and after annealing is shown in Fig. 3 . For a 10 nm thick microbolometer with a total resistance R t ϭ60 ⍀ ͑30 ⍀ for the bolometer, and 30 ⍀ for the bias contact leads͒ and at a bias current of 3.6 mA ͑which corresponds to a S E ϭ5 V/W͒, contributions from the different noise sources to the NEP are ͱ4KTR t /S E ϭ2.0ϫ10
W/ͱHz, and ͱe n 2 ϩ(i n R t ) 2 /S E ϭ2.2ϫ10 Ϫ10 W/ͱHz. The measured contribution from the 1/f noise sources to NEP at 1 kHz is 3.2ϫ10 Ϫ10 W/ͱHz. The NEP is dominated by the amplifier's and Johnson noise at f у3 kHz, and by the 1/f noise below 3 kHz. An overall electrical NEP of 4.5ϫ10
Ϫ10
W/ͱHz at a bias current of 3.6 mA has been achieved at 1 kHz.
The devices described in this letter are not optimized. The thermal conductance of the membrane is approximately an order of magnitude larger than the thermal conductance of the antenna leads. This can be improved further by reducing the thickness, and by optimizing the geometry of the membrane ͑by etching away the membrane not directly under the microbolometer and the antenna leads͒.
In summary, we have reported the fabrication and characterization of uncooled antenna-coupled Nb microbolometers made by Si micromachining. This type of microbolometer can be used for developing sensitive, low-cost, and integrated mm-wave detectors and focal-plane arrays. Fabrication of focal-plane arrays and further reduction of NEP are currently being pursued.
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